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Riverine DSi is therefore generally enriched in the 30 Si isotope compared with bulk silicate earth and 110 suspended particulate matter, which is isotopically lighter on average (-0.18‰, Frings et al., 2016 ; 111
Ding et al. 2004). Precipitated silica from the formation of secondary weathering or biological uptake 112
is enriched in 28 Si, due to preferential uptake of the lighter isotope, resulting in an enrichment of 30 Si 113 processes can be made, more definite fractionation factors for many environmental processes are still 116 very uncertain (Frings et al., 2016) . has also been shown to have an isotopic composition lighter than the bulk bedrock (-0.25 ± 0.12‰ 122 compared to 0.00 ± 0.07‰, Hawkings et al., 2018) . These studies indicate that subglacial processes 123 could be influencing the isotopic composition of meltwaters. Si isotope systematics could potentially 124 be used to provide insight into silicate dissolution and redissolution of secondary weathering products 125 within the subglacial environment. However, we currently lack high resolution time series data to 126
show whether these patterns are consistent across glacial catchments and to explain the mechanism 127 driving the export of low δ 30 Si. We need to gain a better understanding of subglacial biogeochemical 128 processes, and their impact on the δ 30 Si compositions of exported dissolved and particulate phases. 129
This will allow us to quantify the impact of Si exported from GrIS on the wider silica cycle and make 130 predictions about how export from large ice sheets may change over longer timescales. 131
Here we combine new δ 30 Si measurements of DSi and ASi phases with hydrogeochemical data from 132
GrIS glacial catchments of contrasting scale over the summer melt season, in order to improve the 133 current understanding of subglacial weathering processes. 134
Methodology 135

Sampling locations 136
We present hydrological and geochemical data from two polythermal-based, land terminating outlet 137 glaciers from the GrIS, both of which have subglacial drainage systems that develop seasonally 138 dominated by Precambrian Shield crystalline gneiss and granite, which is representative of the 150 majority of GrIS (Escher, 1976) and much of the bedrock that was covered by the Eurasian and North 151
American Ice Sheets (Bouysse, 2014) . The bedrock at KS is relatively similar to LG, but there are 152 some potential differences. KS overlays the Gardar Province, containing basalts, trachytes and 153 phonolites. This region may also include syenites from the intrusive rocks of the Julianhåb batholith 154 (Henriksen, 2009 ). However, previous work on δ 30 Si fractionation and elemental differentiation 155 during high temperature processes in the mantle has shown limited isotope fractionation in 156 comparison to weathering and biological processes (Savage et al., 2010) . 157
We carried out hydrological monitoring of discharge, suspended sediment, pH and electrical 158 conductivity using in-situ hydrochemical sensors (Fig. 1) , as detailed by Kohler et al. (2017) and 159 Hawkings et al. (2018) . Water samples were collected at least once a day from just below the surface 160 of the proglacial river using 1L Nalgene™ bottles (HDPE). Samples were filtered immediately using 161 0.45µm cellulose nitrate membrane filters (Whatman®) mounted on a PS filtration stack (Nalgene™) 162 and kept refrigerated in the dark until laboratory analysis. 
Silica concentrations 175
DSi concentrations were determined spectrophotometrically using Flow Injection Analysis (FIA) on a 176
LaChat 8500 series (QuikChem Method 31-114-27-1-D), as outlined by . The 177 limit of detection was 0.3µM. Precision and accuracy (±0.54% and ±1.9%) were determined by repeat 178 measurements of a gravimetrically weighed 8.9µM standard (n=17). ASi was determined using an 179 alkaline extraction method adapted from DeMaster (1981), as used by . ASi 180 was extracted from the suspended sediments collected on 0.45µM filters in the field. Briefly, 50ml 181 0.1M Na 2 CO 3 was added to ~30mg (accurately weighed) of sediment at 85°C with 1ml aliquots taken 182 at 2, 3 and 5 hours. Aliquots were neutralised immediately with 0.021M HCl and stored at 4°C until 183 FIA analysis, using the same method as DSi concentrations. ASi (wt%) was calculated following 184
DeMaster (1981). Na 2 CO 3 was preferred over NaOH extractions as it is the most commonly used 185 alkaline extraction method of aquatic sediments, and is calibrated to clay minerals (Conley, 1998 
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The ratio of (Ca Table 3 and 4) . 257
There was a substantial decline in δ 30 DSi at LG as the melt season progressed and the subglacial 258 system became hydrologically connected, with drainage of more isolated regions of the bed further up 259 catchment (Fig. 5d) . The discharge weighted mean value of δ 30 DSi at LG (-0.25 ± 0.12‰) was lighter 260 than the previous riverine average δ 30 DSi composition (+1.25‰, Frings et al., 2016) , and studies of 261 glacially fed rivers in Iceland (+0.17 ± 0.18‰, Opfergelt et al., 2013) . The lightest values measured at 262
LG are more comparable to long residence time groundwaters (up to -1.42‰, Georg et al., 2009). KS 263 had a higher δ 30 DSi, with a discharge weighted mean of +0.41 ± 0.10‰, although this value is also 264 below the average riverine silicon isotope composition (Frings et al., 2016) . The δ 30 DSi at KS also 265 declined after the connection of the subglacial hydrological system ("Spring Event", Hawkings et al., 266 2016, Mair et al. 2004 ) but the decline was not as substantial as that seen at LG (Fig. 5c) . 267
Saturation Indices 268
Bulk meltwaters in both catchments were highly undersaturated with respect to ASi throughout the 269 melt season (LG SI ASi = -1.04 to -1.85 and KS SI ASi = -1.12 to -1.73). The lightest δ 30 DSi composition 270 occurred when the proglacial river was most undersaturated with respect to ASi at both catchments 271 ( Supplementary Fig. 3) . 
ASi. 273
Suspended particulate matter (SPM) concentrations in bulk meltwaters generally increased over time 274 in both catchments, as increasing amounts of sediment were entrained subglacially (Fig. 2) .
LG ASi 275
and SPM concentrations were significantly higher than KS (Table 1) , with peak SPM coinciding with 276 subglacial outburst events (Hawkings et al. 2016 , Fig. 2 ). Particles at LG also had a higher relative 277 proportion of extractable ASi, contributing to the elevated ASi concentrations (LG Qwt mean = 278 0.73wt%, compared to KS Qwt mean = 0.23wt%). However, KS has a higher specific discharge than 279
LG, so the yield of Si per km 2 is higher at KS. We estimate a mean annual ASi yield of 1.75 x 10 4 kg 280 KS is only ~16km in length and there is comparatively little altitudinal difference from snout to the 318 top of the ablation area. Supraglacial lakes do not form at KS, thus some more isolated parts of the 319 bed may not be annually flushed by surface-to-bed water flow. The subglacial drainage system 320 development at KS is driven entirely by the progression of the snowline and the consequent opening 321 of new moulins and crevasses for surface to bed water flow, similar to smaller Arctic and Alpine 322 glaciers. Thus, the subglacial drainage system develops from inefficient distributed drainage, where 323 water follows a tortuous flow path, to an efficient, channelised system as the ablation season 324 progresses and meltwater inputs increase ( absence of supraglacial lake drainage and the smaller catchment size will shorten average residence 326 times of water emerging as bulk runoff. Any seasonal variation in subglacial water residence times is 327 likely on the order of weeks rather than months. We propose that the full length of KS could be 328 compared with the evolution of the first 10-20km of subglacial hydrology at LG prior to the onset of 329 outburst events, as demonstrated by the relationship between discharge and δ 30 DSi (Fig. 5b) . As thereis a limited input of long residence time stored water with differing geochemical composition at KS, 331 the chemical composition of the proglacial stream reflects a carbonate dominated weathering regime 332 (Tranter et al., 2002) . 333
Differences in weathering regimes 334
Glacier size is hypothesised to have a major impact on chemical weathering via its influence upon 335 hydrological flow path length, and hence water residence times (Wadham et al., 2010) . Our data show 336 clear differences in the major ion composition of bulk meltwaters draining from the study glacial 337 catchments (Figs. 3 and 7 
Leverett Glacier 346
At LG, the progressive evolution in the D:M ratio is consistent with a shift towards silicate dominated 347 mineral weathering as the melt season progresses (Fig. 3) . This trend in D:M is also consistent with 348 the Na-normalised molar ratios, which can be used to compare the hydrochemical signature to silicate 349 and carbonate endmembers in mixing diagrams (Gaillardet et al., 1999) . Fig. 4 ), which we can attribute to sulphide oxidation, highlighting the 371 importance of categorising the development of the melt season due to potentially large seasonal 372 Supplementary Fig. 5 The meltwater geochemistry therefore suggests that LG begins as a system with the imprint of 388 sulphide oxidation coupled to carbonate dissolution (SMF = ~0.45, Equation 5). As the season 389 progresses and more isolated waters are exported, there is an increased importance of silicate 390 weathering linked to carbonation reactions (SMF = ~0.2). 391
Kiattuut Sermiat 392
Our conceptual model of the hydrology at KS leads to predictions of a relatively consistent subglacial 393 weathering regime once an efficient drainage system has developed. The source of solute in the 394 meltwaters at KS appears fairly consistent over the melt season. D:M ratio and mixing diagrams at KS 395
indicates that the system is dominated by carbonate weathering (Figs. 3, 4 . We would expect the higher SO 4 2-concentrations to be a result of sulphide oxidation. 400
Sulphide oxidation would usually be coupled with carbonate dissolution in glacial systems, which 401 should be reflected in molar equivalent ratios (Equation 5). However, the discharge is low at this time, 402 so it is likely that the proglacial river reflects groundwaters diluted with some snowmelt and/or 403 precipitation. Groundwater flow may be torturous, impacting upon the ionic ratios, and it is also likely 404 that these waters are more affected by atmospheric deposition than later in the season when discharge 405 is much greater (Bhatia et al., 2013) . In the Early Season there are also longer turnover times of lake 406 water due to the lower discharge entering the lake, which results in slower flushing of system 407 ( Supplementary Fig. 1) . 408
It is during the Transition Period that the gradients for all the major ion relationships most closely 409 match those during the Early Season at LG (Fig. 7) . There was an increase of HCO 3 -and Ca 2+ +Mg 2+ 410 in relation to SO 4 2-( Fig. 7a and 7c ), which could be evidence of the connection of the subglacial 411 system to the proglacial hydrological system. As the dissolution of freshly comminuted glacial 412 sediments preferentially release HCO Also, during the Transition Period, the (Ca 2+ +Mg 2+ ): HCO 3 ratio increased to 1.50 (Fig. 7b) , and the 418 SMF increased to ~0.18 ( Supplementary Fig. 5 ). Collectively, these observations indicate some 419 influence from carbonate dissolution coupled to sulphide oxidation (Equation 5), similar to the Early 420
Season meltwaters at LG. 421
We see a prevalence of carbonate over silicate weathering during the Late Season at KS, providing 422 evidence of continuous availability of carbonate minerals within the subglacial system and a lack of 423 calcite saturation. Relationships close to 1:1 for (Ca 2+ +Mg 2+ ): HCO 3 (Fig. 7b) show that carbonation 424 of carbonates and carbonate hydrolysis are the dominate weathering reactions throughout the melt 425
season, as a 1:1 ratio is expected from Equation 2. 426
The values measured at KS are similar to bulk meltwaters of Alpine glaciers studied, although the 427 Some decline in δ 30 DSi also occurred during the Transition Period at KS (Fig. 5c) , which was likely 451 linked to the opening of subglacial hydrological pathways and flushing of a formerly distributed 452 drainage system. We would expect redissolution of secondary weathering products to occur at KS due 453 to the high pH and the undersaturation of ASi (Crompton et al., 2015, Supplementary Fig. 3) . 454
However, δ 30 DSi composition at KS is consistently higher than δ 30 ASi and bedrock values (Fig. 4d) , 455 indicating that the δ 30 DSi exported is a result of fractionation due to net secondary weathering product 456 formation (Crompton et al., 2015) . We hypothesis that the shorter residence times beneath KS 457 compared to LG reduce the potential for redissolution of secondary weathering products to occur. It 458 is more likely that there are fewer inland regions that remain isolated at KS, and the supraglacial 459 waters are routed more efficiently through the subglacial system. processes result in ASi enriched in 28 Si, so our current data is unable to infer which of these is most 493 important as ASi from both catchments are lighter than bedrock values across the season. 494
Understanding the Isotopic Mass Imbalance 495
The interpretations presented above highlight a potential mass imbalance that arises because the 496 subglacial waters export both DSi and ASi that is isotopically lighter than bedrock values at LG. In 497 addition to this, when the δ 30 DSi and δ 30 ASi compositions at LG are summed, considering the relative 498 contributions of both, the total δ 30 Si is consistently lighter than the measured bedrock across the melt 499 season. Whilst we have sampled the majority of the melt season at LG (>60%), we did not continue 500 sampling until the shutdown of the subglacial system. Therefore, we have carried out a simple mass 501 balance calculation to ensure the mass imbalance seen at LG is not simply an artefact of the 502 unmonitored part of the season (Supplementary Table 5 ). Whilst we do not have geochemical datapast Day 210, we have a continuous discharge (Q) record until much later in the season. From this 504 record we calculated the proportion of the measured discharge compared to the total discharge. We 505 assumed that DSi concentrations were similar to the discharge weighted mean from the measured 506 LG (Supplementary Fig. 6 ). Hence, the δ 30 DSi of meltwaters exported is lower. By comparison, SPM 534 concentrations exported from KS are consistently lower. This could be a result of some settling in the 535 proglacial lake, but we believe it is more likely to result from lower rates of physical erosion in this 536 smaller catchment. We therefore hypothesise that higher physical erosion rates and longer residence 537 times in larger catchments (Wadham et al., 2010 , Hawkings et al., 2016 , help to explain the 538 differences in the δ 30 Si composition of meltwaters from LG and KS. 539
To quantitatively assess if this hypothesis is realistic, we have modelled the proportion of DSi that 540 would need to result from the dissolution of ASi associated with SPM, assuming complete 541 dissolution, when considering the δ 30 Si composition of the measured DSi and corresponding 542 endmembers (Equation 7). Our model was based on a range of fractionation factors for the initial 543 formation of ASi (ε) from the alteration of bedrock, as low temperature fractionation processes are 544 still poorly understood (Geilert et al., 2014; Frings et al., 2016 ). An open system was chosen, rather 545 than using Rayleigh fractionation, as we do not expect a finite pool of Si within the subglacial system 546 in the timescales we are considering. 547
548
The subglacial environment is complex; therefore, so we have simplified our model by assuming 549 overall fractionation during bedrock alteration to form ASi is similar to that observed during low 550 temperature ASi precipitation from solution with ε ranging from -2 ‰ to -5 ‰. In our modelled scenarios for LG we show that during outburst periods (and thus when δ 30 DSi 562 composition is lightest), a maximum of 56% of the measured DSi results from ASi dissolution (Fig. 8) . 563
This proportion equates to ~12µM of ASi compared to an overall ASi concentration of ~290µM 564 measured at the same timepoint, suggesting that even the maximum modelled values can be 565 considered reasonable due to the large ASi reservoir. Experimental data also suggest the most 566 negative ε values relate to solids formed rapidly and with unidirectional kinetic fractionation effects 567 (Oelze et al., 2015) , which could also relate to these subglacial weathering crusts which are highly 568 reactive and would presumably undergo rapid dissolution. While all the modelled f a values can be 569 considered realistic when converted to molar concentrations, we consider the lower values as more 570 representative of subglacial systems, considering the experimental data from Oelze et al. (2015) . 571
Despite the lower ASi concentrations at KS, the modelled values can also be considered realistic for 572 this system. As we expect the ASi dissolution to be less important at KS compared to at LG, it follows 573 that we calculate lower proportions of ASi required to undergo dissolution in order to produce the 574 measured δ 30 DSi. We would expect the DSi at KS to be a result of silicate dissolution, from 575 hydrolysis reactions, with the formation of clay minerals as a secondary weathering product 576 (Crompton, 2015) , as evidenced by increasing pH and the heavier δ 30 DSi when compared to LG. 577
An alternative hypothesis to explain the mass imbalance at LG requires a temporal offset between 578 weathering product formation and re-dissolution. For example, the isotopically light secondary 579 weathering products may be a pre-glacial feature formed in a past, warmer climatic regime, 580 sequestered by an advancing ice sheet under a cooler climate and were stored subglacially ( Day 170), could result in the redissolution of these isotopically light amorphous secondary weathering 586 products when the isolated parts of the subglacial system become hydrologically connected 587 (Hawkings et al., 2018) . Whilst this hypothesis provides explanation for the potential mass imbalance 588 and palaeosols are evidenced beneath ice sheets, it may be expected that this isotopically light source 589 of Si would get depleted over time and any enhanced weathering currently occurring in-situ would 590 result in heavier δ 30 DSi exported in the meltwaters. Also, ASi measurements in the current proglacial 591 plain display very low concentrations (average 0.01wt%, Supplementary Table 6), suggesting these 592 amorphous phases are not currently being formed in the current proglacial environment, or have been 593 stripped away or aged. Therefore, whilst this hypothesis has potential to provide explanation for light 594 δ 30 DSi compositions in glacial meltwaters, our data suggests our first hypothesis focusing on physical 595 erosion is currently the most likely scenario. 596
Implications and Conclusions 597
The two Greenland Ice Sheet (GrIS) catchments have different subglacial weathering regimes 598 primarily driven by subglacial hydrology. These weathering regimes appear related to water residence 599 time and therefore catchment size. Kiattuut Sermiat (KS) was dominated by carbonate hydrolysis, 600 whereas a predominance of silicate mineral weathering occurred as the melt season progressed at 601
Leverett Glacier (LG). Subglacial silicate weathering results in the production of isotopically light 602 amorphous secondary weathering solid phases in both catchments, with heavier isotopes recorded in 603 the dissolved fraction during Early Season meltwater discharge. As the melt season progressed, long 604 residence time subglacial waters became connected to an efficient drainage system. The larger of the 605 two catchments in this study, LG, exhibited a marked decrease in δ 30 DSi from 0.87 to -0.55‰, as 606 meltwater discharge rose, and the subglacial drainage system expanded inland, tapping increasingly 607 remote subglacial water pockets. We interpret this isotopic shift as evidence of increasing contribution 608 from silicate weathering products, including the dissolution of ASi and other secondary weathering 609 products, and leaching of freshly crushed rock surfaces. The smaller catchment, KS, dischargedmeltwaters with a δ 30 DSi similar to smaller valley glaciers, with carbonate weathering the 611 predominant solute acquisition pathway. 612
Our results show that δ 30 DSi and δ 30 ASi can be used alongside major ion data to assess the degree of 613 silicate weathering, redissolution of weathering products and hydrological drainage characteristics in 614 glacial meltwaters. We postulate that access to meltwater present in subglacial drainage systems with 615 limited connection to an efficient drainage system will increase in the future, as snowlines retreat 616 further inland and melt increases under climatic warming (Hawkings et al., 2015) . It is therefore likely 617 that the intensity of subglacial geochemical weathering and the composition of glacial waters entering 618 the ocean will be impacted. These findings are critical when attempting to estimate the fluxes of 619 nutrients from rapidly melting glaciated regions and their impact on elemental cycles, in the past (e.g. other processes within the complex subglacial system. The degree of silicate weathering in glaciated 626 regions may be much higher than previously thought, considering that it is the larger catchments that 627 discharge the majority of meltwater into the ocean from the GrIS and AIS. The quantity of meltwater 628 delivered Si from ice sheets and its isotopic composition should therefore be considered when 629 calculating global silicon budgets. 630 
